FIG. 1. Raman spectroscopy modalities: conventional backscattering Raman, SORS, and Raman transmission geometries. ( R ) Raman light; ( L ) laser beam.
INTRODUCTION
A number of analytical applications in, for example, the medical, pharmaceutical, and security fields require a highly chemically specific method capable of noninvasive interrogation of deeply buried regions of turbid samples. Examples include the noninvasive diagnosis of bone disease and subsurface cancers, process and quality control applications in the pharma-ceutical industry, detection of concealed explosives and illicit drugs, and the identification of counterfeit drugs through packaging.
Raman spectroscopy holds particular promise in this area due to its high chemical specificity (which exceeds that of near-infrared absorption (NIR) spectroscopy) and the ability to probe samples in the presence of water. Its principal drawback is a high sensitivity to background fluorescence that can potentially swamp even the strongest Raman signals. This problem, however, can often be circumvented by using nearinfrared excitation sources to minimize the activation of emissive electronic states. 1 To date, the Raman method has been used with commercial Raman probes and microscopes predominantly in the backscattering collection mode (see Fig. 1 ), although in a number of laboratories a perpendicular (90Њ) collection geometry is also used. 1 The backscattering mode is popular for its instrumental simplicity and ease of use but suffers from an inability to probe deep layers of turbid samples; in living tissue, for example, the penetration depth of conventional confocal Raman spectroscopy 1 is typically several hundred micrometers. Recently, a substantial increase of the penetration depth was achieved by developing methods that utilize the diffuse (rather than the ballistic) component of light in analogy with techniques used in NIR absorption tomography [2] [3] [4] or fluorescence spectroscopy. [5] [6] [7] [8] These focal point
FIG. 2. Principal of spatially offset Raman spectroscopy (SORS) for the discrimination of subsurface signals.

FIG. 3. Basic implementations of (A) the SORS and (B) the transmission Raman concepts.
approaches, highlighted by a diverse set of applications, are reviewed below.
DEEP PROBING RAMAN TECHNIQUES
Ultrafast Raman Signal Gating. The inability of the conventional backscattering Raman method to probe deep areas of samples is a direct result of the presence of intense Raman signals emanating from the surface layers that overwhelm the substantially weaker subsurface Raman signals. The deep-layer Raman signals are diluted due to the wide diffusion of photons accessing these layers, which results in a broader spatial spread of deep-layer-generated signals emerging from the surface of the sample. This is in contrast with the surface-generated Raman photons, which are more tightly confined to the vicinity of the laser deposition area and are much more effectively collected in a conventional backscattering arrangement.
The interfering surface Raman signals can be effectively suppressed using an approach based on impulsive Raman excitation and fast (picosecond) temporal gating of the backscattered Raman signal. This was first demonstrated by Wu et al., 9 who used a photon counting method to perform noninvasive imaging in the light of a single Raman component. The recovery of the full Raman spectrum of a deeply buried layer in a turbid sample was demonstrated using a Kerr gating approach by Ma- tousek et al. 10 on a two-layer powder sample. This work combined pioneering research into Raman photon migration by Everall et al. 11, 12 and Morris et al. 13 with fluorescence rejection methods developed by Ma- tousek et al. [14] [15] [16] A more extensive description of these methods and their underlying principles can be found in Ref. 17 .
Spatially Offset Raman Spectroscopy. Although time-resolved Raman proved effective in isolating the spectra of deep layers, the technical requirements and high peak intensities associated with short-pulse lasers precluded its wider use. These limitations were circumvented by the exploitation of spatial rather than temporal offsets and led to the development of spatially offset Raman spectroscopy (SORS), 18, 19 which is capable of isolating the Raman spectra of individual sub-layers within a stratified turbid system using lowpower diode lasers.
The SORS method is based on the acquisition of Raman spectra from regions spatially offset (by a distance ⌬s) on the sample surface from the laser beam interaction point (see Fig.  1 ). Raman spectra observed at different spatial offsets contain differ-
FIG. 4. A set of SORS spectra collected from a two-layer system consisting of a 1 mm thick layer of PMMA made of 20 m diameter spheres followed by a 2 mm layer of trans-stilbene powder measured using 514 nm as the probe wavelength. The spectra are shown for different spatial offsets. The top and bottom spectra are those of the individual layers obtained in separate measurements. The spectra are offset for clarity. The acquisition time was 100 s for each spectrum and the average laser power was 12 mW. (Reprinted with permission from P. Matousek, I. P. Clark, E. R. C. Draper, M. D. Morris, A. E. Goodship, N. Everall, M. Towrie, W. F. Finney and A. W. Parker, Appl. Spectrosc. 59, 393 (2005). Copyright (2005) The Society for Applied Spectroscopy. 18 )
ent relative contributions from different depths due to the wider spread of photons interacting with deeper layers emerging onto the sample surface (see Fig. 2 ). The lateral offset also effectively discriminates against photons propagating sideways within the surface layer as such photons are more effectively lost at the air-tosample interface in comparison with photons propagating through deeper layers. Since Raman and fluorescence components (from the same layer) have identical spatial distributions, SORS also effectively discriminates against surface-layer-generated fluorescence emission, a feature highly beneficial in a number of applications.
The availability of Raman spectra containing varying degrees of surface and subsurface components en-ables the resolution of Raman spectra of individual layers via statistical analysis. This separation can be achieved using multivariate techniques, 18, 20 such as band-targeted entropy minimization (BTEM), [21] [22] [23] [24] [25] or, for a two-layer system, using a scaled subtraction of SORS spectra acquired at two different spatial offsets. 18 This is in contrast with conventional backscattering Raman spectroscopy in which only a solitary Raman spectrum is available and no such separation is possible. The SORS method was first demonstrated on a stratified powder sample 18 and has been used in numerous applications including, for example, noninvasive Raman spectroscopy of bones, 20 pharmaceutical applications, 26 and security screening. 27 The first demonstration of the SORS concept (see Fig. 3A ) used a two-layer sample composed of a 1 mm thick poly(methyl methyacrylate) (PMMA) powder layer located on top of a trans-stilbene powder sublayer. 18 The results of these measurements are depicted in Fig. 4 . The conventional Raman spectrum corresponds to the SORS spectrum obtained with zero spatial offset. The introduction of a non-zero spatial offset led to a more rapid decrease of the surface-generated Raman signal (PMMA) relative to that of the sub-layer (trans-stilbene); at a spatial offset of 2 mm, the surface-to-subsurface relative Raman intensity was diminished by an order of magnitude. 18 The dependence of SORS on various experimental variables such as layer depth, sample absorption, and scattering parameters was analyzed using Monte Carlo simulations by Matousek et al. 19 In order to enhance the collectable Raman intensity (and the signal-tonoise ratio), the SORS method can be combined with the fiber-opticbased collection scheme developed for conventional Raman spectroscopy by Ma and Ben-Amotz. 28 In this concept, the collection fibers (typically arranged in a disk pattern) are reorganized onto the spectrograph slit in a linear pattern that matches the slit geometry. 18 probes were also used in fluorescence tomography. [5] [6] [7] [8] With the SORS concept the collection fibers can be arranged in an annular (ring) arrangement (see Fig. 5 ); with the laser beam incident at the center of the ring, the spatial offset is equivalent to the radius of the ring. Such an ar-rangement greatly increases the collection efficiency.
A further variant of the SORS method suitable for straightforward use on commercial Raman spectrometers was recently described by Eliasson et al. 32 This approach exploits the variation in the relative contribution of surface and subsurface layers to the overall Raman signal upon defocusing of the collection system. In effect, defocusing plays a similar role to that of spatial offset in SORS; hence, the detected contribution from the surface layer decreases more rapidly than that of the sub-surface component as the collection optics are defocused. Acquiring Raman spectra under different focusing conditions generates a set of spectra similar to that produced by the conventional SORS method. Although less effective than the SORS method, the concept can be useful for less challenging samples and provides a stepping stone for researchers in possession of a conventional Raman instrument who wish to initiate research in the area of deep Raman spectroscopy with minimal additional effort and expense.
Inverse Spatially Offset Raman Spectroscopy. Further investigations into SORS identified another useful modality, inverse SORS. In situations where illumination intensity limits have to be strictly adhered to (for example, to avoid sample heating or to stay within regulatory exposure limits for the safe illumination of human skin in vivo), this concept permits the use of higher overall laser powers through the provision of a wider illumination zone on the sample surface. The method is also less sensitive to imaging imperfections in conventional spectrographs compared with conventional SORS. The inverse SORS concept was proposed and demonstrated independently by Matousek 33 and Schulmerich et al. 34, 35 and, in contrast to conventional SORS, relies on the collection of Raman light through a group of fibers contained within the center of a probed area defined by a ring-shaped laser beam (see Fig. 5 ). The radius of the ring, which defines the spatial offset, can be tailored to match the size and shape of each sample. This is not possible with conventional ring SORS probes, where the ring radii cannot be simply altered as the fibers are built into the probe.
The required ring-shaped beam is typically generated using a conical
FIG. 7. The Raman spectra obtained from a two-layer sample (3.9 mm thick paracetamol tablet and 2 mm thick trans-stilbene powder ''impurity'' layer) using (A) conventional backscattering geometry and ( B ) transmission geometry. The measurements are performed at two sample orientations, with paracetamol at the top and bottom, respectively, of the trans-stilbene cell as indicated in the graphs. The top and bottom spectra are those of paracetamol and trans-stilbene, respectively, obtained in separate experiments. The acquisition times were between 0.2 and 10 s, with a laser power of 80 mW. The spectra are offset for clarity. ( P ) Paracetamol, ( T ) trans-stilbene, ( R ) Raman light, and ( L ) laser beam. (Reprinted with permission from P. Matousek and A. W. Parker, Appl. Spectrosc. 60, 1353 (2006). Copyright (2006) The Society for Applied Spectroscopy. 37 )
lens (axicon) 36 whereby the radius of the ring (and hence the spatial offset) is altered either by adjusting the distance of the axicon from the sample 33 or by varying the magnification of a telescope located between the sample and the axicon. 34, 35 Transmission Raman. Subsequent research into Raman photon migration identified a related concept particularly suitable for determination of the bulk content of turbid samples such as pharmaceutical capsules and tablets. This concept (transmission Raman spectroscopy 37 ) can be considered as an extreme version of SORS in which the laser beam impacts on one side of the sample and the Raman signal is collected from the opposite side (see Fig. 1 and Fig. 3B ). Although the transmission Raman technique was demonstrated in the early days of Raman spectroscopy, 38 its benefits for the noninvasive probing of the bulk content of pharmaceutical samples have not been recognized or exploited. These include the removal of the sub-sampling problem 39 (an inability to sense deeper layers in thick turbid samples) and the effective suppression of surface-generated Raman and fluorescence signals. 40 Until recently, sub-sampling presented a major limitation on the use of conventional Raman spectroscopy in probing the bulk content of pharmaceutical tablets and capsules; frequently such samples are highly heterogeneous and can have surface layers that give rise to strong Raman and fluorescence signals. 39 To overcome these limitations, for example, devices for rotating pharmaceutical tablets in front of a conventional backscattering Raman spectrometer were developed. The transmission Raman geometry eliminates the need for such complex arrangements and permits rapid acquisition (with a single exposure) of a spectrum representative of the bulk content.
The absence of the sub-sampling problem in transmission Raman was established experimentally and computationally by Matousek and Parker. 37 The results of Monte Carlo simulations are shown in Fig. 6 . Relocation of a thin ''impurity'' layer from the sample surface to a depth of 3 mm within a typical tablet medium diminishes its conventional backscattering Raman signal by four orders of magnitude. Such signal is typically overwhelmed by the surface Raman signal. In contrast, the transmission geometry yields a Raman signal level unperturbed (to within Ϯ50% accuracy) by the depth of the impurity layer.
Experimental elimination of the sub-sampling problem was demonstrated using a standard paracetamol tablet (3.9 mm thick) with a simulated impurity layer of trans-stilbene powder (2 mm thick). The impurity focal point
FIG. 8. Enhancement of the transmission Raman signal using a standard dielectric bandpass filter (BF) placed within the laser beam in the proximity of the sample. The Raman spectra are those of a standard paracetamol tablet measured with (''with bandpass filter'') and without (''bare'') the filter. The spectra are offset for clarity. The acquisition times were 1 s in both cases with a laser power of 250 mW (827 nm). The spectra were detected with an Ocean Optics spectrograph equipped with a detector array cooled to Ϫ15 ؇C.
layer was located in front of or behind the tablet relative to the incoming laser beam. Conventional Raman spectroscopy (plagued by the subsampling problem) yielded only the Raman signature of the surface layer in both possible orientations of the sample (see Fig. 7A ) with no trace of the sub-layer signal even after numerical subtraction of the dominant surface signal. In contrast, the transmission geometry (see Fig. 7B ) provided a Raman spectrum comprising a mixture of signals from the tablet and the ''impurity''; the similarity of the spectra in both sample orientations is expected from a technique that does not suffer from sub-sam-pling. The experiments were performed using a continuous-wave diode laser (827 nm, 80 mW) and acquisition times ranging from 0.2 to 10 s. Raman Tomography. Spatially offset Raman spectroscopy, in its basic form, provides information on the chemical composition of individual layers but is blind to their spatial distribution within a sample. Schulmerich et al. 20, 30 have recently demonstrated that SORS can also be deployed as a tomographic tool (analogous to NIR absorption tomography) capable of forming highly chemically specific images of subsurface sample components. These studies are currently progressing rapidly, and recently Schulmerich et al. 41 demonstrated the feasibility of three-dimensional (3D) tomographic imaging through a canine hind-limb section of a thickness of up to 45 mm using transmission Raman spectroscopy.
Raman Signal Enhancement Using a ''Unidirectional'' Mirror. Signals in SORS, inverse SORS, and transmission Raman spectroscopy can be boosted using a simple passive method reported by Matousek. 42 Such enhancement is projected directly into improved signal quality (or reduced acquisition time) and/or increased penetration depth and is achieved using a multilayer dielectric optical element, such as a bandpass filter, placed on the sample surface within the laser illumination zone.
The concept utilizes the general angular dependence of dielectric filters on impacting photon direction (the spectral profile of the filter shifts to shorter wavelength with increasing angle of incidence). This property is used to facilitate a ''unidirectional'' mirror (a ''photon diode'') in which a semi-collimated laser beam passes through from one side at normal incidence while, at the other side, laser photons emerging from the sample at angles away from normal incidence are reflected back into the sample. This leads to a substantial increase in the coupling of laser radiation into the sample and a boost of the overall Raman signal. In practical terms, the method requires that the coupling sample surface is not excessively curved as dielectric filters are typically only available as flat optical elements, although this is not a fundamental obstacle. Figure 8 shows the results of a feasibility study performed in the transmission Raman geometry on a standard paracetamol tablet with and without the ''unidirectional'' mirror (3.2 nm bandwidth dielectric bandpass filter centered at 830 nm at normal incidence). An enhancement in Raman signal of an order of magnitude was observed upon insertion of the bandpass filter into the proximity of the tablet. Such signal boost (in good agreement with theoretical predictions 42 ) has a dramatic effect on the quality of the Raman signal for a given acquisition time. The measurement was carried out using a spectrometer (Ocean Optics QE65000) equipped with a detector array cooled to moderate levels (Ϫ15 ЊC). Under such conditions the spectral noise is dominated by the detector dark count (thermal) noise and not by the photon shot noise of the detected signal. 1 In this case, the signal-to-noise improvement of the detected Raman signal is therefore linearly proportional to the enhancement factor (i.e., a factor of 10). To obtain the same improvement of signal-to-noise without the enhancing filter, the signal would have to be acquired for considerably longer (a factor of 100) since the signal-tonoise improves with the square root of acquisition time. 1 With a detector cooled to Ϫ80 to Ϫ100 ЊC, the noise is typically dominated by the photon shot noise of the Raman (and fluorescence background) signal and in such a case the signal-to-noise ratio would improve with the square root of the enhancement factor. The enhancement was also demonstrated with the SORS concept, where improvements in Raman signal quality at the penetration depth limit were observed. 43 The method was found to be particularly effective with pharmaceutical tablets, although typically lower enhancement factors were observed with biological tissue. This is believed to be due to higher photon absorption in tissue and the differences in sample and collection geometries in relation to the scattering mean free path length.
Use of Clearing Agents. With biological tissue and some other turbid media it is possible to apply clearing agents to reduce the turbidity of the surface layers. For the case of skin tissue, 44 the surface layer typically represents the most turbid component. The method has been used previously in other areas such as optical coherent tomography and has been demonstrated to be beneficial in deep focal point , and S. A. Goldstein, J. Biomed. Opt. 11, 060502 (2006) .
FIG. 10. Measurements made through 4 mm of overlying tissue on a chicken tibia at the mid diaphysis using the SORS approach. Transcutaneous (dotted lines), recovered bone factor (gray lines), and exposed bone (black lines); (A) recovered bone factor using data from all 50 collection fibers and ( B ) recovered bone factor using data from the 32 innermost collection fibers. The laser power was 110 mW and the acquisition time was 120 s. (Reprinted with permission from M. V. Schulmerich, K. A. Dooley, M. D. Morris, T. M. Vanasse
Copyright (2006) The Society of Photo-Optical Instrumentation Engineers. 34 )
Raman spectroscopy of tissue by Schulmerich. 45 In this study the effect of optical clearing with glycerol on the Raman spectra of bone acquired transcutaneously on right and left tibiae from four mice was stud-ied. Multiple transcutaneous measurements were obtained from each limb; glycerol was then applied as an optical clearing agent, and additional transcutaneous measurements were taken. It was demonstrated that glyc-erol reduces the noise in the raw spectra and significantly improves the cross-correlation between the recovered bone factor and the exposed bone measurement in a low signalto-noise region of the bone spectra. 46 have illustrated the considerable benefits in applying Raman spectroscopy to the analysis of bone matrices. Until recently, however, such investigations could only be performed on excised tissue. The development of deep sub-surface Raman techniques is providing a host of new opportunities in this area including the noninvasive diagnosis of brittle bone disease and osteoporosis. 13, [46] [47] [48] For example, osteoporosis is currently diagnosed by detection of mineral content (phosphate) using dual-energy X-ray absorptiometry (DEXA), which provides an accuracy of only 60 to 70% in predicting osteoporotic fracture. This is believed to be due to its inability to probe the organic (collagen) component, which contributes significantly to bone strength. Recently, both the temporal and spatial Raman approaches have been applied successfully in this area.
APPLICATION AREAS Biomedical Applications. Probing of Bones Through Skin for Disease Diagnosis. Previous studies
The first noninvasive study of bone matrix was reported by Draper et al., 47 who (using an approach based on ultrafast Raman Kerr gating) successfully detected the presence of osteogenesis imperfecta (brittle bone disease) in mouse limbs on postmortem specimens through around 1 mm of overlying soft tissue. The presence of the condition was apparent from a difference in relative Raman intensities between the collagen and mineral components (see Fig. 9 ). This represented a major milestone, although several key issues still remained to be resolved before the technique could be applied to human subjects in vivo, principally instrumental complexity and the excessively high laser intensities (two to three orders of magni- spectra of individual calcified materials are also shown. The acquisition time was 100  s with a laser power of 60 mW. The spectra are offset for clarity. (Reprinted with permission from P. Matousek and N. Stone, J. Biomed. Opt. 12, 024008 (2007) 
FIG. 11. Raman spectra of two types of calcified materials (a 100 to 300 m thick layer) recovered from a 16 mm thick slab of chicken tissue using transmission Raman spectroscopy. The spectra were obtained by subtracting raw transmission Raman spectra of tissue only from those of tissue containing calcified material. The pure Raman
. Copyright (2007) The Society of Photo-Optical Instrumentation Engineers. 51 )
tude above the safe levels for skin illumination). 31 These issues were subsequently addressed with the advent of the SORS methods, which only require continuous-wave laser beams and consequently much lower laser intensities. The first use of SORS in the area of noninvasive spectroscopy of bones was reported by Schulmerich et al., 29 who obtained Raman spectra of bone from depths of several millimeters in animal and human cadavers. The subsequent use of a ring illumination geometry (equivalent to inverse SORS) by Schulmerich et al. 34 permitted further increases in the quality of Raman spectra and penetration depth. The team succeeded in determining the ratio of the intensities of the phosphate (958 cm Ϫ1 ) and carbonate (1070 cm Ϫ1 ) Raman bands of chicken tibia, a potential indicator of the presence of osteoporosis (McCreadie et al. 48 ), through 4 mm of overlying soft tissue with better than 8% accuracy. Typical Raman spectra obtained in these experiments are shown in Fig.   10 . The measurements were performed using a laser wavelength of 785 nm and a power of 110 mW.
Parallel research by Matousek et al. 31 demonstrated the feasibility of obtaining the Raman spectra of bones from humans in vivo. Although the Raman spectra were of limited quality with some overlying tissue signals still present, the experiments demonstrated that the key bone features can be measured transcutaneously in vivo under safe illumination conditions. The measurements were performed with a laser power of only 2 mW, approximately an order of magnitude below the safe level for skin illumination. In these measurements a ring fiber probe with zero and 3 mm spatial offsets was used. The measurements were performed on the thumb distal phalanx bone of volunteers through 2 mm of overlying soft tissue. The overall acquisition time was 200 s and the probe wavelength was 830 nm. Prospects for further improvement of the in vivo Raman spectra offered by the inverse SORS approach [33] [34] [35] promise substantial improvement in both sensitivity and penetration depth.
Chemical Identification of Calcifications in Breast Cancer Lesions.
Another rapidly developing application of deep Raman spectroscopy is the noninvasive detection of the chemical composition of calcifications within breast tissue. Their detection, with high chemical specificity, opens the prospect of noninvasive identification of associated malignant and benign lesions, thus providing additional diagnostic power to conventional techniques such as X-ray mammography, which in itself cannot identify chemical makeup. Presently, the detection of suspected calcifications by X-ray mammography is typically followed by a needle biopsy, which in most cases (70-90%) results in the detection of a benign lesion. The potential for the noninvasive characterization of the chemical makeup of calcifications buried deep within tissue was conceptually demonstrated by Baker et al., 49 Stone et al., 50 and Matousek et al. 51 using the Raman Kerr gated, SORS, and transmission Raman methods using chicken breast tissue phantoms. The penetration depths achieved were 0.9, 8.7, and 16 mm, respectively.
The research in this area builds on the earlier work of Haka et al., 52 who indicated that excised calcifications can be classified into two groups using Raman spectroscopy, type Icalcium oxalate dihydrate (cod), and type II-calcium hydroxyapatite (hap). Calcium oxalate crystals are mainly found in benign ductal cysts, while calcium hydroxyapatite is found in both carcinoma and in benign breast tissue; the chemical specificity of Raman spectroscopy identifies significant spectral differences between the calcifications found in benign and malignant lesions.
Presently, the transmission Raman approach has achieved the highest penetration depth due to the intrinsic suppression of skin fluorescence originating predominantly from melanin components at NIR excitation wavelengths. An additional benefit is that the signal strength in transmis-focal point Chem. 79, 1696 (2007) . American Chemical Society. 26 ) sion Raman spectroscopy is independent of the depth of calcifications for a given overall tissue thickness. 51 The results of a feasibility study 51 are depicted in Fig. 11 . The experiments were performed at 830 nm with a laser spot diameter of around 4 mm. The Raman light was collected using a fiber bundle consisting of 33 individual optical fibers. The study was performed on a phantom made of a 16 mm slab of chicken tissue with a thin calcified material layer (100-300 m) placed within the middle of the tissue. For both calcification types, recognizable chemical signa-tures were obtained. Further work is still required to increase the sensitivity of the method into the clinically relevant range (the amount of calcifications used exceeded, by about two orders of magnitude, the clinical level), although substantial improvements to reach the required level of sensitivity have been identified. 51 Pharmaceutical Applications. Forensic Applications. Counterfeit drugs 53 present a major worldwide health threat to our society. Recently it was demonstrated 26 that SORS can be used in this area by providing a noninvasive and nondestructive means for the effective authentication of the chemical content of drugs through packaging such as blister packs and opaque plastic bottles. This capability of SORS is demonstrated in Fig. 12 for paracetamol tablets held inside a white opaque plastic bottle. In a comparative measurement, the conventional Raman spectrum was dominated by Raman signal originating from the container wall and, in practical terms, was ineffective in characterizing the internal content. In contrast, the SORS approach, following the scaled subtraction of SORS spectra obtained at two different spatial offsets, provided a clear Raman spectrum of the tablets held inside the bottle. The experiments were performed at 827 nm with a 50 mW laser beam and an acquisition time of 10 s.
FIG. 12. Noninvasive Raman spectra of paracetamol tablets measured through a white, diffusely scattering 1.7 mm thick plastic container in drug authentication. Conventional Raman and SORS raw data are shown together with the reference Raman spectrum of the tablets. The acquisition time was 10 s and the laser beam power was 50 mW. (Reprinted in part with permission from C. Eliasson and P. Matousek, Anal.
Spatially offset Raman spectroscopy was also used in the detection of counterfeit anti-malarial tablets by Ricci et al. 54 As the SORS concept can be easily incorporated into existing commercial hand-held Raman instruments, it holds great promise for more accurate and sensitive identification of drugs throughout the entire supply chain than is currently possible with conventional Raman instruments. This has particular application in the developing world.
Quality Control of Pharmaceutical Products. In a number of process analytical technology (PAT) applications in the pharmaceutical industry, it is desirable to monitor rapidly and noninvasively the bulk content of drugs with high chemical specificity. Although NIR absorption spectroscopy has been used widely in this area, it suffers from comparatively low chemical specificity, which limits its usefulness. As noted earlier, transmission Raman is particularly well suited for this application since it removes the key obstacle of conventional Raman, the sub-sampling problem. 37 A research study by Matousek and Parker et al. 40 demonstrated that the transmission Raman geometry can also dramatically reduce the fluorescence background originating from capsule shells, permitting more sen- Reprinted with permission from J. Johansson, A. Sparen, O. Svensson, S. Folestad, and M. Claybourn, Appl. Spectrosc.  61, 1211 (2007). Copyright (2007) The Society for Applied Spectroscopy. 55 ) sitive spectroscopic interrogation of the bulk capsule content. This also applies to coated tablets where fluorescence originating from the coating can also be suppressed. For brightly colored capsules, the conventional Raman spectra were shown to exhibit broad fluorescence backgrounds that hinder both qualitative and quantitative analysis of the internal content. On the other hand, the transmission method dramatically suppressed this surface-generated fluorescence, permitting more sensitive measurement of the internal content. However, it should be noted that fluorescence originating from the internal (bulk) regions of the capsules cannot be reduced relative to the Raman signal originating from the same zone.
FIG. 13. Prediction of the concentration of propranolol tablets in two independent test sets, the original test sets (solid circles) and the exchanged test sets (open circles). Comparison of (A) Raman transmission (1 PLS component) and ( B ) Raman backscatter (1 PLS component). (
The ability of the transmission Raman approach to determine not only the chemical signature of the internal make-up of pharmaceutical tablets and capsules but also to quantify the content was recently demonstrated experimentally by Johansson et al. 55 In this study, 20 test tablets (3.3 mm thick) were prepared in a laboratory environment. The active pharmaceutical ingredient (API) was quantified with a relative root mean square error of Ϯ2.2% (see Fig. 13 ). The acquisition time in these measurements was 10 s with a laser power of 400 mW (785 nm). The study was also performed in a conventional backscattering Raman geometry, which yielded a lower relative accuracy of Ϯ2.9% under the same experimental conditions due to a strong sub-sampling effect. This was confirmed by the analysis of an outlier spectrum present in the data collected using the backscattering mode that exhibited a clear deviation from the expected intensity profile for the API and excipients for the given concentration and was explained as an inhomogeneity present in the probed area. No such outlier was found in the corresponding data collected in the transmission geometry, which samples the entire bulk content of the tablet and effectively averages any heterogeneities. It should also be noted that the higher accuracy in the transmission mode was achieved despite the lower overall Raman signal intensity (a factor of 10) compared with the backscattering mode. The method was also applied to pharmaceutical capsules yielding a relative accuracy of Ϯ3.6%. The study also indicated that the transmission Raman mode requires a leaner calibration model relative to conventional backscattering Raman and was capable of providing an accurate model based on only two or three calibration spectra.
In parallel research, the feasibility of quantifying the content of real production-line type samples prepared in a laboratory environment was demonstrated by Eliasson et al. 56 This study used 150 capsules and established the feasibility of quantifying the active pharmaceutical ingredient to within a few percent relative error in the transmission Raman mode through capsules containing a high level of TiO 2 . The intense interfering signals of the capsules precluded accurate analysis by other techniques including conventional Raman and NIR absorption. The adoption of the transmission concept led to the suppression of the inter-focal point Figure reprinted from C. Eliasson, N. A. Macleod, L.  Jayes, F. C. Clarke, S. Hammond, M. R. Smith, and P. Matousek, J. Pharm. Biomed.  Anal. 47, 221 (2008). Copyright Elsevier (2008) . 56 ) fering Raman capsule signal by a factor of 33 (see Fig. 14) , permitting accurate quantification of the API with a relative root mean square error of Ϯ1.2% with 5 s acquisition time (see Fig. 15 ). The reduction of the acquisition time to 1 s yielded a still acceptable level of accuracy with the relative root mean square error increasing to Ϯ1.8%.
FIG. 14. Noninvasive Raman spectra of pharmaceutical capsules. The spectra were obtained using a laboratory instrument configured in the transmission Raman geometry and a standard commercial Raman microscope (Renishaw) in conventional backscattering geometry. The Raman spectra of an empty capsule shell (lowest trace) and the capsule content itself (top trace, the capsule content was transferred into an optical cell) are shown for comparison. The dashed lines indicate the principal Raman bands of the capsule and of the API. (
These trial studies indicate that the transmission geometry is particularly well suited for the noninvasive probing of pharmaceutical tablets and capsules. The ability to use defocused beams with transmission Raman spectroscopy also makes it possible to increase laser power without risking sample damage, thus further decreasing the exposure times required or improving the spectral quality. The large illumination and collection areas also dramatically re-duce requirements for the alignment of the sample in front of the instrument. Further reduction of the acquisition times with tablets can also be accomplished using a ''unidirectional'' mirror.
Security Screening Applications.
Noninvasive Detection of Concealed Explosives and Illicit Drugs.
The recent heightened terrorist threat underlines the importance of the availability of robust security screening techniques with chemical specificity. Recently, Eliasson et al. 27 demonstrated the applicability of SORS in the detection of concealed liquid explosives through opaque plastic packaging. The detection of liquid substances in security screening applications is a particularly important area as existing screening devices (tailored to solid explosives) are not sufficiently effective. In this work, hydrogen peroxide, a critical constituent of homemade explosives used in several terrorist bombings across Europe, was detected through various packaging materials. Figure  16 shows the results of probing a small white plastic bottle containing a 30% aqueous solution of H 2 O 2 . Such containers are often used by travelers for carrying, for example, a small amount of moisturizing cream or medicine for the purposes of travel to save space. The container was highly diffusely scattering and presented an insurmountable challenge to conventional Raman spectroscopy, with the principal Raman band of H 2 O 2 (876 cm Ϫ1 ) completely overwhelmed by the Raman spectrum of the container material. In contrast, SORS, after ''blind'' automated data processing using SORS spectra obtained at two different spatial offsets, clearly revealed the H 2 O 2 Raman band. The experiments were performed using a continuous-wave diode laser (830 nm, 250 mW) with an acquisition time of 1 s.
In related experiments it was also demonstrated that powder samples such as explosives or illicit drugs can be detected noninvasively in envelopes and opaque nonmetallic containers. 33, 57 A SORS variant was also shown to be particularly useful for colored transparent bottles and was used to detect liquid explosives and cocaine concealed in green and brown glass bottles. 27, 58 
CONCLUSION
The noninvasive Raman spectroscopic techniques for deep probing of turbid media highlighted in this review promise to impact on many analytical areas. The combination of the advantages of Raman spectroscopy with the ability to probe deeply hidden layers holds great promise across a variety of fields. Several new and exciting potential applications are already emerging on the horizon, including the diagnosis of bone disease and breast cancer, quality control and authentication of pharmaceutical products, and the detection of powder and liquid explosives and illicit drugs through
FIG. 15. Partial least squares (PLS) calibration of the API dataset (5 s accumulation time). Spectra were baseline corrected, normalized to unit length, and mean-centered. The dataset was randomly split into a calibration set (two thirds) and a prediction set (one third); obvious outliers from the PCA analysis were excluded from the analysis. The graph shows predicted versus measured API concentration of the prediction set.
The straight line represents the 45؇ diagonal. (Figure reprinted from C. Eliasson, N Copyright Elsevier (2008) . 56 ) packaging. The scope and diversity of these applications is a direct result of the flexibility and straightforward adaptability of the basic concept to specific conditions and problems.
focal point
FIG. 16. Conventional backscattering Raman (CR) and processed SORS Raman spectra of a white plastic jar with a thickness of 1.2 mm filled with H 2 O 2 (30% aqueous solution). The bottom trace is the Raman spectrum of the empty jar itself and is essentially identical to the conventional Raman spectrum of the jar containing H 2 O 2 , with no obvious trace of the Raman signature of H 2 O 2 . The SORS spectrum, on the other hand, shows clearly the H 2 O 2 Raman marker band. The spectra were measured using a probe wavelength of 830 nm, laser power of 250 mW, and 1 s acquisition time. (Reprinted with permission from C. Eliasson, N. A. Macleod, and P. Matousek, Anal. Chem. 79, 8185 (2007). Copyright (2007) American Chemical Society. 27 )
